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Abstract
Coordinated motor behaviors rely on a maze-like network of axonal connections between motoneurons and the body musculature. Since
the time of the Renaissance, scientists have been fascinated by the question of how such complex, yet stereotypic, connectivity arises during
embryogenesis. Here, we review the long journey of motor axons, which traverse diverse territories along predetermined routes riddled with
a wealth of divergent pathway options. We conclude that motor axon migration occurs in a stepwise manner, with each step being controlled
by local guidance cues, that motor axons rely on some of the same cues that also control axon migration within the CNS, and that, due to
species-specific anatomical variations, the cell types providing such local cues may vary. Although studies of motor axon migration have
not yet resulted in a complete understanding of the cellular and molecular mechanisms regulating this process, we have come a long way
since the days of da Vinci.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
In both vertebrates and invertebrates, motoneurons
project axons out of the central nervous system (CNS) to
muscle targets located in the periphery. The proper targeting
of specific motor axons to the muscles is essential for
coordinated movement. Nearly five hundred years ago, Leo-
nardo da Vinci recognized that nerve fibers project through-
out the body in a stereotyped pattern. Since that time,
scientists have wondered how this intricate pattern of con-
nectivity is generated, given the numerous classes of both
motoneurons and muscles. Twenty-five years ago, the pre-
vailing view held that axons project randomly, and that only
productive interactions were stabilized and would persist
(Pettigrew et al., 1979). Moreover, embryonic anatomy was
thought to define the routes along which motor axons would
passively travel (Summerbell and Stirling, 1981). However,
studies in the mid-1980’s revealed that motor axon migra-
tion was neither random nor passive. It was demonstrated
that cues present in the local environment of migrating
axons were responsible for guiding them to their appropriate
muscle targets (reviewed in Landmesser, 2001). This model
was strengthened in the 1990’s with the discovery of several
families of axon guidance molecules (Dickson, 2002; Jes-
sell, 2000; Shirasaki and Pfaff, 2002; Tessier-Lavigne and
Goodman, 1996). The identification of these guidance cues
made possible the use of functional approaches to study
motor axon migration at a molecular level.
En route to their often-distant synaptic targets, motor
axons must make multiple pathfinding decisions as they
migrate through rapidly changing environments. This jour-
ney can be divided into three stages: (1) axonal exit from the
CNS, (2) migration along shared or common pathways, and
(3) navigation of choice points. This review will focus on
the cellular and molecular mechanisms that control these
three steps of motor axon migration, with an emphasis on
how anatomical variations between species might account
for differences in the cell types that provide guidance cues.
Our analysis of the recent literature reveals three emerging
themes: (1) motor axons rely on local rather than long-range
guidance cues, (2) axons of motoneurons and other neuronal
cell types rely on several of the same signaling pathways to
guide their migration, and (3) as a result of species-specific
variations in anatomy, local cues controlling the same path-
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finding decisions may be provided by different, yet posi-
tionally equivalent, cell types. While recent experimental
observations have offered an exciting glimpse into the cel-
lular and molecular mechanisms guiding motor axon migra-
tion, as this review will demonstrate, there is still much to
be learned.
For reviews of events in the lives of vertebrate and
invertebrate motoneurons occurring both before and after
axon migration (specification and synapse formation, re-
spectively), we recommend recent reviews by Thor (2002),
Shirasaki (2002), and Sanes (2001).
Exit from the CNS
Segmentation of Motor Nerves
The first step in a motor axon’s journey is its exit from
the CNS and projection into the periphery. In all vertebrates
and most invertebrates, motor axons exit the CNS through a
series of segmental nerves. As they exit, motor axons face
migratory decisions along two embryonic axes. First, they
must recognize the appropriate rostrocaudal level at which
to exit, and second, they must extend laterally away from
the midline at that location. Cell types involved in guiding
both aspects of axon migration have been identified. In both
vertebrates and invertebrates, cues that can repel motor
axons from the midline are produced by specialized groups
of midline cells (discussed below). In contrast, the cell types
providing the cues that determine the axial level at which
motor axons exit the CNS vary from organism to organism.
In amniote embryos, such as those of the chick and the
mouse, all spinal motor axons exit the spinal cord through a
single ventral root within each somitic hemisegment (Fig.
1A; Keynes and Stern, 1984). As the spinal cord is not
intrinsically segmented, how is this exit pattern along the
rostrocaudal axis generated? Due to their proximity to mo-
tor axon exit points in amniote embryos, both neural crest
cells and somitic mesoderm have been proposed to induce
this pattern. A specialized group of neural crest cells,
termed boundary cap cells, decorates the presumptive motor
axon exit points (Altman and Bayer, 1984; Golding and
Cohen, 1997; Niederlander and Lumsden, 1996). Recent
ablation experiments have demonstrated, however, that
these cells help confine motoneuron somata to the spinal
cord, but are not essential for motor axons to recognize and
exit through segmental ventral roots (Vermeren et al.,
2003). In contrast, studies in the early 1980’s have shown
that somitic mesoderm imparts its segmental character to
the nervous system, resulting in the formation of a segmen-
tally repeated nerve pattern along the trunk of the embryo
(Keynes and Stern, 1984). Motor axons, along with migrat-
ing neural crest cells, travel only through the rostral scle-
rotome of each somitic hemisegment (Keynes and Stern,
1984; Rickmann et al., 1985). However, sclerotomal cues
do not appear to function by attracting motor axons into the
periphery, as motor axons will exit the spinal cord at all
positions along the rostrocaudal axis in the absence of
somitic tissue (Tosney, 1988). Instead, studies demonstrate
that the segmental pattern is achieved via a motor axon
repelling activity restricted to the caudal sclerotome cells of
the somite (Oakley and Tosney, 1993; Tannahill et al.,
1997).
The restricted expression of various Ephrin and Sema-
phorin family members to the caudal sclerotome suggests
roles for these molecules in spinal nerve segmentation
(Eickholt et al., 1999; Henkemeyer et al., 1994; Koblar et
al., 2000; Raper, 2000; Varela-Echavarria et al., 1997;
Wang and Anderson, 1997; Wilkinson, 2001). Although
this hypothesis is supported by observations that Ephrins
and Semaphorins induce motoneuron growth cone collapse
in vitro, removal of either of these cues does not disrupt
segmental motor axon outgrowth. Instead, only neural crest
cells demonstrate a requirement for Ephrin and Semaphorin
expression in caudal sclerotome for segmental migration
(Adams et al., 1999; Behar et al., 1996; Gerety et al., 1999;
Koblar et al., 2000; Taniguchi et al., 1997; Vermeren et al.,
2000; Wang and Anderson, 1997; Wang et al., 1998). Other
molecules, including two unidentified peanut agglutinin
(PNA) binding proteins, the cell adhesion molecules F-
spondin and T-cadherin, and the chondroitin sulfate proteo-
glycans versican and collagen IX, also exhibit restricted
expression in the caudal sclerotome. However, their in vivo
role in guiding segmental migration of motor axons has not
yet been demonstrated (Davies et al., 1990; Fredette et al.,
1996; Landolt et al., 1995; Oakley et al., 1994; Ring et al.,
1996; Tzarfati-Majar et al., 2001; Vermeren et al., 2000).
Thus, while caudal sclerotomal cells play an essential role
guiding the segmental exit of spinal motor axons in amniote
embryos, the identity of the cue(s) by which they do so
remains to be determined.
Interestingly, the important role of the sclerotome in the
segmental exit of amniote motor axons may reflect an evo-
lutionarily novel function for this tissue, acquired only after
the separation of the amniote and teleost lineages. As in
amniote embryos, somitic tissues are required for the seg-
mental exit of spinal motor axons in the zebrafish, a teleost
vertebrate (Eisen and Pike, 1991). However, ablation stud-
ies demonstrate that the sclerotome component of the
somite is dispensable for such migration in this species
(Morin-Kensicki and Eisen, 1997). Instead, analyses of em-
bryos exhibiting defects in myotome formation suggest cues
that direct segmental migration are likely provided by this
cell type, which, in contrast to amniote embryos, makes up
the bulk of the somite mass in teleosts (Fig. 1B; Eisen and
Pike, 1991; Zeller et al., 2002). In support of this hypothe-
sis, the expression of Tenascin-C, chondroitin sulfate pro-
teoglycans, and Sema3A2 is restricted to the posterior myo-
tome in the zebrafish (Bernhardt et al., 1998; Bernhardt and
Schachner, 2000; Roos et al., 1999). Furthermore, in vivo
studies demonstrate that disruption of chondroitin sulfate
proteoglycans or misexpression of Sema3A2 results in mo-
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tor axon migration defects consistent with these molecules
promoting segmental exit of such axons (Bernhardt and
Schachner, 2000; Roos et al., 1999). The gene disrupted in
the zebrafish mutant diwanka may also play a role in con-
trolling the segmental migration of motor axons, as certain
classes of motor axons fail to exhibit a segmentally re-
stricted exit in mutant embryos (Zeller et al., 2002). Once
cloned, it will be of interest to determine whether this gene
displays a restricted expression pattern in the myotome of
zebrafish, as well as in the sclerotome of amniote embryos.
In Drosophila, peripheral tissues are not required for the
segmental outgrowth of motor axons, as the nervous system
is intrinsically segmented (Landgraf et al., 1997). However,
glial cells have been postulated to play a role in determining
the positions at which the two motor nerves, the interseg-
mental and the segmental nerves (ISN and SN), will exit the
neuropile and/or cortex of the CNS within each abdominal
hemisegment (Fig. 2A; Jacobs and Goodman, 1989a,
1989b). A specific longitudinal glial cell, the segmental
boundary cell (SBC), is located at the site at which the
anterior corner cell (aCC) axon, which pioneers the ISN,
projects laterally from the neuropile. In the grasshopper, the
SBC is required for migration of the pioneer axon into the
ISN (Bastiani and Goodman, 1986). In Drosophila, how-
ever, aCC axons still correctly pioneer the exit of the ISN in
the absence of the SBC, indicating that glial cells do not
play functionally equivalent roles in these two insect species
(Hosoya et al., 1995; Jones et al., 1995; Sepp et al., 2001;
Takizawa and Hotta, 2001).
Glial cells may instead help to specify the points at
which later migrating axons of the ISN and SN exit the
neuropile. In support of this idea, in glial cells missing
(gcm) mutants, which lack glial cells, motor axons fre-
quently exit the neuropile at abnormal locations (Hosoya et
al., 1995; Sepp et al., 2001; Takizawa and Hotta, 2001).
These studies have shown that glial cells in the cortex and
at the exit junction are important for ISN and SN migration
out of the CNS. Normally, the SN and ISN exit the CNS
together through a single, dorsolateral exit point surrounded
by glial cells. In the absence of these glia, the ISN and SN
exit the CNS at separate sites and migrate independently
along the body wall (Hosoya et al., 1995; Sepp et al., 2001;
Takizawa and Hotta, 2001). These data also suggest that, in
contrast to vertebrate embryos, where somitic tissues con-
trol segmental migration of motor axons via repulsive sig-
nals, glial cells in Drosophila might do so through the
expression of attractive guidance cues. However, the iden-
tities of these signals remain unknown. Given the appar-
ently different mechanisms by which somites and glia may
promote segmental motor axon migration in vertebrates and
invertebrates, it will be interesting to determine whether any
of the guidance cues they express have been evolutionarily
conserved.
Migration into the periphery
Once motor axons have migrated to an appropriate an-
teroposterior level, they extend into the periphery, away
from the midline. In both vertebrates and invertebrates,
studies have shown that several guidance cues expressed in
the embryonic midline can direct motor axon migration
(reviewed in Cook et al., 1998; Guthrie, 2001; Varela-
Echavarria and Guthrie, 1997). These cues include Slit
ligands, whose role in controlling the midline axon guid-
ance decisions of both interneurons and motoneurons, via
signaling through Robo transmembrane receptors, has been
well characterized (reviewed by Brose and Tessier-Lavigne,
2000; Guthrie, 2001). Though Slit/Robo signaling can repel
motor axon growth cones from the midline in Drosophila
and in vertebrates, these signals are not required to promote
their exit from the CNS (Brose et al., 1999; Keleman et al.,
2002; Kidd et al., 1998, 1999; Patel et al., 2001; Simpson et
al., 2000; Wang et al., 1999; Yuan et al., 1999). In fact, only
in C. elegans has the in vivo requirement for any midline
cue in promoting motor axon migration into the periphery
been demonstrated.
The C. elegans mutants unc-6, unc-40, and unc-5 exhibit
defects in the circumferential migration of all classes of
Fig. 1. Cross-sectional views of amniote and zebrafish embryos, depicting motor axon projections. (A) In amniote species, spinal motor neurons are arranged
in ventral motor columns. The medial motor column (blue), found at all axial levels within the spinal cord, contains motor neurons whose axons innervate
trunk muscles. At limb levels, the lateral motor column (LMC) contains motoneurons whose axons project into limb. Lateral LMC (LMCL, red) motoneurons
innervate dorsal limb musculature, whereas more medial LMC axons (LMCM, green) project ventrally. Within each somitic hemisegment, the axons of all
motoneuron classes exit the spinal cord through a single ventral root and initially migrate along a common path restricted to the rostral sclerotome. MMC
axons branch from this common path within the sclerotome to project into overlying dermomyotome (dark gray). Sorting of LMC axons projecting from
different somites occurs in the plexus mesenchyme at the base of the limb bud. (B) In the zebrafish, three somitic hemisegments at different developmental
stages are shown. Each somitic hemisegment contains the axons of three primary motoneurons: rostral primary, middle primary, and caudal primary (RoP,
blue; MiP, red; and CaP, green). Posterior-most segment (earliest developmental stage): Motoneurons project their axons within the spinal cord to a single
ventral exit point in the middle of the hemisegment. At this stage, the adaxial cells, a subset of myotomal cells, are located at the medial surface of the somite,
adjacent to the notochord. Middle segment: After exiting the spinal cord, the motor axons migrate to the horizontal myoseptum along a common path located
between the medial surface of the myotome and the notochord. The adaxial cells are migrating radially through the myotome toward the lateral edges of the
somite. Anterior-most somite: After a pause in their migration at the horizontal myoseptum, the axons project along divergent routes: MiP innervates the
dorsal somite, RoP extends a lateral branch, and CaP proceeds into ventral somitic territory. The adaxial cells are now located on the lateral edges of the
somite. A fourth primary motoneuron, the variable primary (VaP, not shown), also extends its axon along the common path but frequently arrests at the
horizontal myoseptum and dies by apoptosis (Eisen and Melancon, 2001; Eisen et al., 1990). In the zebrafish, the sclerotome (purple) initially exists only
as a thin layer of cells lying along the medial surface of the ventral myotome and later migrates dorsally to surround both the notochord and spinal cord
(Morin-Kensicki and Eisen, 1997).
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motor axons (Hedgecock et al., 1990; Wadsworth, 2002). In
these mutants, motor axons which normally project within
the ventral nerve cord (VNC) migrate to ventrolateral, lat-
eral, or dorsolateral positions, whereas axons that should
project along the circumference of the embryo to the dorsal
nerve cord (DNC) are frequently found in ventral or ven-
trolateral positions (Fig. 2B). The UNC-6/Netrin family
encodes secreted proteins with laminin and EGF repeat
domains that bind the extracellular matrix (Hedgecock et
al., 1990). Members of the DCC/Neogenin/UNC-40 family
function as attractive receptors for Netrins, while those of
the UNC-5 receptor family, in conjunction with DCC re-
ceptors, promote axonal repulsion (Chan et al., 1996; Hong
et al., 1999; Leung-Hagesteijn et al., 1992). In C. elegans,
epidermal cells at the circumference of the embryo express
UNC-6 in an increasing dorsal-to-ventral gradient. This
gradient promotes the outgrowth of UNC-5/UNC-40-ex-
pressing motor axons from the VNC along a circumferential
path to the DNC (Chan et al., 1996; Leung-Hagesteijn et al.,
1992; Wadsworth, 2002; Wadsworth et al., 1996). In con-
trast, axons of motoneurons expressing only UNC-40 re-
main in the VNC (Chan et al., 1996). Homologs of these
Fig. 2. Motor axon projections in Drosophila and C. elegans. (A) In Drosophila, each abdominal hemisegment contains approximately 40 motoneurons that
innervate thirty muscle fibers (gray) positioned along the dorsoventral axis of the embryo. For clarity, all axonal projections are shown on the surface of the
muscles. The cell bodies of these motoneurons reside in the neuropile of the ventral cord (brown). In each hemisegment, all motor axons exit the neuropile
through the routes of the intersegmental or segmental nerves (ISN, green; and SN, blue). In the surrounding cortex, these nerves become loosely associated,
but not fasciculated, with one another and exit the CNS at a single dorsolateral site surrounded by glia (orange). In the periphery, there is a progressive and
selective defasciculation of motor axons from these nerves at specific choice points at which “persistent-Twist expressing cells” (pink) are found. Each muscle
ultimately receives innervation from one or two motor axons. AC, anterior commissure; PC, posterior commissure. (B) In C. elegans, the cell bodies of 57
motoneurons are located in the ventral nerve cord (VNC). During embryogenesis, the axons of dorsally projecting motoneuron classes (red) exit this structure
at unique sites and migrate circumferentially between the inner face of the surrounding epithelium and the basal lamina. This migration is controlled by an
increasing dorsal-to-ventral expression gradient of UNC-6 in overlying epidermal cells (pink) and unc-129 expression in dorsal muscle cells (green). Upon
reaching the dorsal midline, these axons join the dorsal nerve cord (DNC) and migrate longitudinally. Subsequently, during the first larval stage, ventral
motoneuron classes project their axons within the VNC. In contrast to the motor axons of other species, which project to muscle targets, in C. elegans, both
dorsal and ventral muscles project arms that contact axons within the VNC and DNC.
5V.A. Schneider, M. Granato / Developmental Biology 263 (2003) 1–11
genes have been identified in vertebrates and in Drosophila,
but only in C. elegans has their in vivo role in promoting
motor axon migration into the periphery been demonstrated
(Colamarino and Tessier-Lavigne, 1995; Hedgecock et al.,
1990; Keleman and Dickson, 2001; Kolodziej et al., 1996;
Mitchell et al., 1996; Varela-Echavarria et al., 1997).
The migration of motor axons away from the midline is
also controlled by attractive cues expressed in the periphery.
In C. elegans, expression of unc-129, which encodes a
member of the TGF- family of secreted ligands, is required
in dorsal body wall muscles for the circumferential migra-
tion of dorsally projecting motor axons (Colavita and Cu-
lotti, 1998; Colavita et al., 1998; Nash et al., 2000). To date,
no axonally expressed receptor for UNC-129 has been
found, nor have any vertebrate homologs of unc-129 been
identified. However, muscle cell precursors in the somites
of vertebrate embryos are likely to provide attractive cues
that promote the CNS exit of motor axons. In the chick,
ablation of dermomyotome inhibits the outgrowth of motor
axons that normally project to epaxial muscles (Tosney,
1987). Likewise, motor axons in the zebrafish mutants spa-
detail and you-too, which exhibit defects in myotome de-
velopment, frequently fail to extend into the periphery
(Eisen and Pike, 1991; Zeller et al., 2002). Finally, Dro-
sophila mutants lacking muscle exhibit a 60% reduction in
the number of segments containing SN axons (Prokop et al.,
1996). Thus, while motor axons do not completely depend
on muscle-derived cues for their migration, such signals
likely play an important role. The identities of the muscle-
derived attractive cues that promote motor axon exit from
the CNS in any of these species remain to be determined. It
will also be of interest to learn whether other peripheral
tissues provide cues that promote the migration of axons out
of the CNS.
Migration along Common Paths
Once motor axons have exited the CNS, they begin their
migration through the periphery to their muscle targets. In
the embryos of all vertebrates and most invertebrates, dif-
ferent subtypes of motor axons initially migrate with one
another along common paths prior to embarking on specific
trajectories (Hollyday, 1995; Landgraf et al., 1997; Wester-
field et al., 1986). Although they may extend along the same
route, the various classes of motor axons often migrate at
different times. Pioneer axons, which are the first to project
along a common path, must respond to guidance cues
present in the local environment to accomplish their migra-
tion. Like the pioneer axon, later-extending axons might
also rely upon locally expressed guidance cues to promote
their migration along these paths. Alternatively, they could
depend on guidance cues provided by the pioneer axon.
Both models necessitate the presence of cues to which
axons of different classes of motoneurons can respond, as
well as the persistence of these cues during the period of
axon migration. Which of these mechanisms do follower
motor axons utilize for their migration in vivo?
One way of determining whether follower axons rely on
cues provided by pioneer axons or surrounding cell types to
guide their migration is to modify the environment through
which they travel. In each somitic hemisegment of the
zebrafish, the axon of the caudal primary (CaP) motoneuron
is always the first to exit the CNS and pioneer migration
along a common path that also contains the later-migrating
axons of the middle primary (MiP) and rostral primary
(RoP) motoneurons (Eisen et al., 1986; Myers et al., 1986).
Ablation studies have shown that, in the absence of the CaP
motoneuron, either MiP or RoP can pioneer migration on
the common path, indicating that these follower axons can
rely on guidance cues provided by surrounding cell types
(Eisen et al., 1989; Pike and Eisen, 1990). In contrast,
ablation studies in the grasshopper have demonstrated that
follower axons of the ISN require the presence of the pio-
neer axon for their migration (du Lac et al., 1986). Addi-
tional studies have revealed examples of follower axons that
rely on cues provided by both the pioneer axon and the
surrounding environment for their migration (Lin et al.,
1995; Pike et al., 1992; Zeller et al., 2002). Thus, it appears
that both models may be important, albeit in different con-
texts. Follower motor axons may use either one or the other
or both mechanisms to guide their migration along common
paths in vivo.
To date, several examples of follower motor axons that
rely on guidance cues provided by their environment have
been described (Eisen et al., 1989; Lin et al., 1995; Pike and
Eisen, 1990; Pike et al., 1992; Zeller et al., 2002). However,
as motor axons frequently migrate through complex envi-
ronments, identification of the cell type(s) that provide the
cues has proven more difficult. Analysis of the zebrafish
diwanka mutant, in which all three primary motor axons
arrest in their migration before entering or along the com-
mon path, has revealed the identity of at least one peripheral
cell type that provides cues required for the migration of
motor axons along this route (Zeller and Granato, 1999;
Zeller et al., 2002). Cell transplantation experiments have
shown that wild-type axonal migration requires diwanka
activity in a small population of somitic adaxial cells that
initially lie along the common path. As these adaxial cells
migrate laterally from their initial position prior to the entry
of motor axons onto the common path, it appears that the
diwanka activity provided by these cells modifies the envi-
ronment of the common path, making it permissive and/or
attractive for the migration of motor axons. It should be
noted, however, that adaxial cells, as defined by their lin-
eage and migratory behavior, have not been identified in
amniote embryos. Thus, once the diwanka gene is cloned, it
will be interesting to analyze the expression patterns of
homologous vertebrate genes and to determine whether the
cells in which they are expressed control motor axon mi-
grations in vivo.
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Navigation at Choice Points
En route to their final destination, migrating motor axons
are guided from one intermediate target to another by lo-
cally expressed cues. At certain intermediate targets, known
as choice points, axons of different classes of motoneurons
diverge from common paths and project along routes spe-
cific to their subtype. The identity of cells present at the
positions at which the axonal trajectories of different mo-
toneuron classes diverge has been determined in several
species. For example, in Drosophila, a series of “persistent
Twist expressing” mesodermal cells (precursors of the adult
musculature) are present along the routes of the ISN and SN
at sites where axons of specific subtypes of motoneurons
split away from the main nerve branches (Landgraf et al.,
1999; Van Vactor et al., 1993). In the zebrafish, cells of the
horizontal myoseptum act as a choice point for migrating
axons of the primary and secondary motoneurons (Melan-
con et al., 1997; Westerfield et al., 1986). In both species,
axons pause in their migration and make extensive contracts
with the cells at these sites, suggesting that they are re-
sponding to guidance cues provided by these cells. How-
ever, proper axonal pathfinding does not require the cells
present at the choice points in either of these species (Land-
graf et al., 1999; Melancon et al., 1997). Instead, studies
have shown that axons rely on cues provided by cells they
encounter prior to their arrival at such choice points for
pathway selection (Landgraf et al., 1999; Zhang and
Granato, 2000). It remains to be determined whether the
cells present at the choice point, although not required, also
provide cues controlling axon migration.
Regardless of the source of the cues, how do the axons of
different motoneuron classes, migrating along the same
common path, make the correct navigation decisions at each
choice point? In order to embark on the appropriate trajec-
tory, an axon must be capable of responding to two types of
signals: (1) directional guidance cues and (2) cues that
promote selective defasciculation from axons that will take
a different path. Both types of signals are equally important,
as a failure to respond to either will result in a migration
error. In recent years, studies in several species have re-
vealed the identities of molecular cues that provide either
one or both types of signals to axons making guidance
decisions at choice points.
In amniote embryos, motoneurons of the lateral motor
column (LMC) project axons to the limb musculature. LMC
motoneurons can be divided into two classes: those posi-
tioned more laterally (LMCL) innervate dorsal limb muscu-
lature, whereas more medial motoneurons (LMCM) inner-
vate ventral limb musculature (reviewed in Landmesser,
1980; Shirasaki and Pfaff, 2002). Within each somitic he-
misegment, LMCM and LMCL axons extend together
through the same spinal nerve, but encounter a choice point
in their migration at the base of the limb bud, in the plexus
mesenchyme. In both the crural and sciatic plexuses, axons
from multiple spinal nerves converge, resort, and then exit
into the limb as dorsal and ventral nerve trunks (Hollyday,
1995; Landmesser, 1978; Tosney, 1991). The decision of an
axon to project in either the dorsal or ventral nerve is
controlled in part by signaling through EphA receptors.
Expression of Ephrin-A2 and Ephrin-A5 in the ventral limb
bud mesoderm prevents EphA4-expressing axons of the
LMCL motoneurons from invading this territory. Ectopic
expression of EphA4 in LMCM motor axons results in ab-
errant dorsal projections, whereas LMCL axons in EphA4
knockout mice fail to extend dorsally (Eberhart et al., 2000,
2002; Helmbacher et al., 2000; Ohta et al., 1996). It remains
to be determined whether other families of guidance mole-
cules also act as directional cues for motor axons projecting
into the limb.
The expression of both Ephrin ligands and Eph receptors
on motor axons within the plexus suggests that this signal-
ing pathway may also modulate interaxonal adhesion, al-
though further analyses are needed to determine whether
these proteins direct this aspect of motor axon migration in
vivo (Eberhart et al., 2000, 2002). Semaphorin signaling
may also be important for modulating axonal adhesion
within the plexus, as spinal nerves in various Neuropilin and
Semaphorin knockout mice appear highly defasciculated
(Giger et al., 2000; Kitsukawa et al., 1997; Taniguchi et al.,
1997). Additional studies show that several other molecules
expressed on migrating LMC motor axons, including N-
CAM, L1, and N-cadherin, control the relative affinities of
these axons for one another (Allan and Greer, 1998; Land-
messer et al., 1988). Within the plexus, there is an upregu-
lation of the polysialylated form of NCAM (PSA-NCAM),
which promotes the defasciculation of axons, facilitating
their response to directional guidance cues (Tang et al.,
1992, 1994). Together, these signals that modulate axonal
adhesion, along with those that direct guidance, promote the
proper navigation of LMCL and LMCM axons through the
plexus mesenchyme into the developing limb.
In Drosophila, genetic screens have identified many of
the cues that control axon guidance at choice points encoun-
tered by the ISN and SN (Kraut et al., 2001; Van Vactor et
al., 1993). Studies have shown that muscle founder cells are
required for motor axon guidance decisions at choice points,
suggesting they are likely to express directional guidance
cues (Landgraf et al., 1999). However, with the exception of
Netrins A and B and sidestep, a novel member of the Ig
superfamily, the expression of all genes shown to control
axon migration at choice points is required within the motor
axon itself, rather than in the surrounding muscle (Desai et
al., 1996; Fambrough and Goodman, 1996; Krueger et al.,
1996; Mitchell et al., 1996; Nose et al., 1994; Schindelholz
et al., 2001; Sink et al., 2001; Winberg et al., 1998; Yang et
al., 1991; Yu et al., 1998). Furthermore, most of the genes
identified in these screens appear to function by modulating
the relative affinity of axons for one another or for surround-
ing cell types with which they interact, rather than by acting
as directional guidance cues.
Such genes include Fasiclin II, Connectin, beaten path-
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Ia, SemaI, Plexin A, Netrins A and B, as well as several
members of the receptor tyrosine phosphatase (RPTP) fam-
ily (Desai et al., 1996; Fambrough and Goodman, 1996;
Krueger et al., 1996; Mitchell et al., 1996; Nose et al., 1994;
Schindelholz et al., 2001; Winberg et al., 1998; Yang et al.,
1991; Yu et al., 1998). DLAR, one member of the RPTP
family, may be a receptor for a mesodermally expressed
directional cue that promotes axon turning at choice points,
but its presumed ligand is currently unknown (Krueger et
al., 1996). Other genes identified in these screens function
intracellularly to effect changes in migrating axon behav-
iors, including stranded (sand) and short stop (shot), which
encode Profilin and a novel actin binding protein, respec-
tively (Cooley et al., 1992; Lee and Kolodziej, 2002; Van
Vactor et al., 1993). The failure of these screens to identify
more peripherally expressed directional guidance signals
may indicate the existence of several functionally redundant
cues, or that these genes play additional, essential, devel-
opmental roles. Alternatively, peripheral cells in Drosophila
may express a smaller cohort of guidance cues than those in
vertebrate embryos. Further studies will distinguish be-
tween these scenarios.
Summary
In recent years, researchers have identified a number of
cell types providing guidance cues that control different
aspects of motor axon migration, as well as the identities of
some of these cues, in several species. Experiments have
demonstrated that migrating motor axons rely on locally
expressed guidance cues to direct their migration over long
distances and through complex surroundings to their appro-
priate muscle targets. These studies have also revealed that
species-specific variations in embryonic anatomy frequently
result in different, yet positionally equivalent, cell types,
providing the cues that guide the same step of motor axon
migration. Furthermore, these studies have shown that mo-
tor axons utilize many of the same signaling pathways as
other axonal classes to guide their migration.
However, our understanding of motor axon migration
remains incomplete. The full set of cues required to guide
the axon migration of any motoneuron subtype from start to
finish has not been identified in any species. In a few
instances, we have not yet even identified the cell types
providing the cues that guide a particular aspect of motor
axon migration. More commonly, we have found cell types
that provide guidance cues, but do not know the identity of
the signals. In other cases, we have identified a particular
guidance cue having an expression pattern suggestive of a
role in motor axon migration, but have not yet demonstrated
its in vivo function. Future studies will no doubt close many
such gaps in our knowledge. Thus, while great strides have
been made in recent years in the field of motor axon mi-
gration, there is still a long way to go.
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